Nucleic acid extracts from citrons (Citrus medica cv. Etrog) displaying mild and moderate symptoms associated with the exocortis disease were analysed by sequential and denaturing PAGE which revealed the presence of several viroids. A comparison was made of electrophoretic patterns displaying one or more distinct citrus viroids from field isolates of citrus with exocortis. Citrus viroids were characterized by the physical parameters of electrophoretic mobility, chromatography on CF-11 cellulose and hybridization to cDNA probes of the well characterized citrus viroids, citrus exocortis viroid, CV-Ib from the 'citron variable viroid' isolate, and citrus cachexia viroid. These characteristic properties combined with biological distinctions in the host range and symptom expression suggested a scheme for the organization of the citrus viroids into five major groups. The association of the symptoms induced by these citrus viroids in citron cv. Etrog, their organization into individual viroid groups and their presumed relationship to the exocortis disease of citrus are discussed.
INTRODUCTION
Historical reports of the citrus exocortis disease described a bark shelling disorder on the rootstock and a marked dwarfing of trees grown on trifoliate orange (Poncirus trifoliata L. Raf.) and Rangpur lime (Citrus limonia Osb.) root-stocks (Fawcett & Klotz, 1948; Benton et al., 1949) . However, variations in the degree of stunting, scale formation and time of appearance of symptoms have also been reported leading to the suggestion that there are different strains of a single exocortis disease agent (Benton et al., 1949) .
The development of the 'Etrog' citron (C. medica) bioassay (Calavan et al., 1964) with its greater sensitivity and rapid symptom development (Roistacher et al., 1977) , led to virtual abandonment of the trifoliate orange 'classical' indexing system. A variety of symptoms on citron ranging from severe dwarfing, leaf epinasty and rugosity, petiole wrinkle and necrosis, midvein necrosis, and browning of the tip of the leaf blade were all accepted as diagnostic evidence for infection by the exocortis disease agent. Field sources were frequently classified as mild, moderate or severe solely on the basis of the citron reaction. In most cases, these results were not substantiated by inoculation to trifoliate orange to confirm the classical symptoms of the citrus exocortis disease.
After transmission of severe forms of the disease agent to a herbaceous host, Gynura aurantiaca (Weathers et al., 1967) , the causal agent was isolated and characterized as a 371 nucleotide RNA molecule, the citrus exocortis viroid (CEV) (Semancik & Weathers, 1972; Gross et al., 1982; Visvader et al., 1982) . Citrons inoculated with CEV preparations purified from Gynura always had the symptoms of severe stunting, leaf epinasty and rugosity that are characteristic of severe isolates. Sources causing moderate and mild reactions on 'Etrog' citron could not be transmitted to Gynura (Kapur et al., 1974) .
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Recent reports by Schlemmer et al. (1985) and Duran-Vila et aL (1986) have associated at least three other electrophoretically distinct viroids causing mild and moderate symptoms on citron. Field sources analysed by sequential PAGE were shown to contain from one to five viroid RNAs .
Using advanced viroid detection methods (Rivera-Bustamante et al., 1986) , analytical CF-11 cellulose chromatography (Semancik, 1986) , and molecular hybridization to specific citrus viroid probes, we have characterized a number of citrus viroids from field sources and from viroid collections in Spain and California. The results reported here on the physical and biological characterization of citrus viroids indicate the presence of five distinct groups. The relationships between these viroid groups, as well as their relationship to the recognized citrus viroids of exocortis and cachexia, are also discussed.
METHODS

Plant material sources.
The citrus viroid sources used were selected from the Citrus Virus Collection of the Instituto Valenciano de Investigaciones Agrarias, Moncada, Valencia, Spain or the Citrus Clonal Protection Program of the University of California, Riverside, Ca., U.S.A. Additional sources were recovered from trees of commercial groves in Spain.
All field sources were transmitted by graft inoculation to Arizona 861-$1 'Etrog' citrons propagated either as rooted cuttings or grafted on rough lemon (C. jambhiri Lush.) or sour orange (C. aurantium L.) root-stocks.
Bioassay. Cucumber plants (Cucumis sativus cv. Suyo) were inoculated with 2 M-LiCl-soluble nucleic acid preparations by multiple puncture through an inoculum droplet on the hypocotyl as the first true leaves were emerging. After 3 weeks, the tops of the plants were cut off and symptoms were observed for a further 3 weeks, before the second flush of apical tissue was collected for extraction of nucleic acid.
Bioassay of the single viroid cultures was accomplished by slash inoculation of Arizona 861-S 1 citrons with 2 MLiCl-soluble nucleic acid preparations or electro-elated samples. The plants were observed 3 and 6 months postinoculation for symptoms. Symptomless plants were cut back after 9 months and monitored for a further 6 months.
Nucleic acid extraction and viroidpurification. Tip tissue consisting of young leaves and stems from inoculated citrons was homogenized in an extraction medium (0.4 M-Tris-HCI pH 8-9, 1 ~ SDS, 5 mM-EDTA pH 7.0, 4~ 2-mercaptoethanol) containing water-saturated phenol (Semancik et al., 1975) . Total nucleic acid preparations were partitioned in 2 M-LiC1, and the soluble fraction was concentrated by ethanol precipitation.
Viroid-enriched preparations were produced by CF-11 cellulose chromatography (Franklin, 1966) modified by washing the columns with STE buffer (0.1 M-NaC1, 0.05 M-Tris-HC1, 1 mM-EDTA pH 7.2) containing 30~ ethanol.
Viroid detection. Detection of viroid RNA was accomplished by sequential 5~ PAGE essentially as described by Semancik & Harper (1984) . Following the first electrophoresis under standard conditions and after staining with ethidium bromide, a gel segment defined by CEV and 7S RNA markers was excised and placed on top of a polymerized gel containing 8 M-urea (Flores et al., 1985) . After the second electrophoresis under denaturing conditions (dPAGE) the viroids were viewed by using silver staining (Igloi, 1983) . The limit of detection was about 100 pg. When enhanced separation of viroid bands in the zone of circular RNA forms was required, a low pH denaturing gel was used. In this case the gel was polymerized with a pH 6-5 buffer rather than the pH 8.3 running buffer (Rivera-Bustamante et al., 1986) .
Electro-elution of individual viroids was accomplished by excising ethidium bromide-stained polyacrylamide gel segments containing the circular form of the viroid and recovering the viroids using an IBI unidirectional electro-eluter.
Viroid characterization. To define the affinity of the individual viroids for CF-11 cellulose, serial elution of 2 MLiCl-soluble fractions with a graded series of ethanol-STE solutions, in 5~ decrements from 35 to 0~, were performed as described by Semancik (1986) .
Nucleotide homology between viroids was estimated by electroblot hybridization. Viroids were electrotransferred directly from denaturing gels onto nylon-based membranes (Nytran) using an LKB Transphor apparatus. Randomly primed cDNA probes were made to the purified citrus viroids CEV, CV-Ib, and citrus cachexia viroid (CCaV; CV-IIb), and to the unrelated avocado sunblotch viroid (ASV), a negative control, essentially by the procedure of Maniatis et al. (1982) using cloned Moloney murine leukaemia virus reverse transcriptase. Hybridization conditions were as reported by Garger et al. (1983) .
RESULTS
Identification of citrus viroids in exocortis isolates
The results of Duran-Vila et al. (1986) than C E V and the citron variable viroid (CVaV) described earlier by S c h l e m m e r et al. (1985) .
Analysis of 2 M-LiCl-soluble nucleic acid preparations by sequential P A G E (Rivera- Bustamante et al., 1986) of citrons inoculated with 37 exocortis isolates from California and Spain showed that exocortis sources contained either single viroids or mixtures of two to five viroids. Resolution of an almost continuous array of viroids with different electrophoretic mobilities, reflecting a size range of 275 to 371 nucleotides, was possible ( Fig. 1) . W h e n artificial m i x t u r e s o f n u c l e i c a c i d p r e p a r a t i o n s f r o m c i t r o n s i n f e c t e d w i t h s e l e c t e d isolates w e r e s u b j e c t e d to c o -e l e c t r o p h o r e s i s by s e q u e n t i a l P A G E , at least e i g h t v i r o i d R N A s o t h e r t h a n C E V a n d C V a V w e r e d e t e c t e d (Fig. 2) .
N . D U R A N -V I L A A N D O T H E R S
T o i n v e s t i g a t e t h e p r o p e r t i e s o f t h e s e v i r o i d -l i k e R N A s f u r t h e r , p u r e c u l t u r e s (Fig. 3 ) w e r e o b t a i n e d f r o m n a t u r a l l y o c c u r r i n g isolates by s e l e c t i v e r e p l i c a t i o n in specific h e r b a c e o u s hosts, or by e l e c t r o -e l u t i o n o f single v i r o i d b a n d s a f t e r d P A G E .
T h e s e v i r o i d R N A s w e r e c h a r a c t e r i z e d by (i) d e t e c t i o n o f t h e circular a n d l i n e a r f o r m s by d P A G E , (ii) c o m p a r i n g t h e m i g r a t i o n r a t e s o f t h e c i r c u l a r f o r m s , (iii) d e t e r m i n a t i o n o f t h e i r affinity for C F -11 cellulose a n d 
CV-IV + + + + --* Symptom intensity: + + + +, severe; + + +, moderate; + +, mild; +, symptomless carrier (positive viroid replication); -, symptomless (negative viroid replication).
Definition of citrus viroid groups CEV group
CEV, the causal agent of the exocortis disease is the largest of the citrus viroids. This well characterized viroid (Gross et al., 1982; Visvader et al., 1982) and its related variants of 371 to 375 nucleotides (Visvader & Symons, 1985) is one of the most extensively studied viroids. The physical properties as compared with the other citrus viroids are summarized in Table 1 . It has a wider host range than the other citrus viroids (Table 2) and induces severe stunting, epinasty and necrosis on inoculated citrons (Fig. 4a) .
C V-I group
The analysis of exocortis isolates from Spain and California revealed the occurence of a viroid (CV-Ia) with the same electrophoretic mobility as RNA-I (Duran-Vila et al., 1986) in seven of the 37 isolates tested. When selected isolates were subjected to co-electrophoresis as artificial mixtures under denaturing conditions, no difference in migration rates of CV-Ia isolates from the various sources was observed. In contrast to the severe reaction induced by CEV in citron (Fig. 4a) , citrons inoculated with pure CV-Ia preparations showed a pronounced bending of the leaf blade (Fig. 4 b) (in response to a point necrosis of the midrib on the underside of the leaf) on only one to three leaves of inoculated plants.
The principal viroid component of the CVaV isolate migrated slightly faster than CV-Ia (Fig.  5) , and has been designated CV-Ib. This implied relationship based on size is supported by the similar rates of elution of CV-Ia and CV-Ib from CF-11 cellulose and both have a host range restricted to citrus (Table 2) .
Nucleotide sequence homology between CV-Ia and CV-Ib was estimated by molecular hybridization with a CV-Ib cDNA probe. Comparable nucleic acid samples from citrons inoculated with two CV-Ia-containing isolates (Fig. 6, lanes 1 and 2) , the CVaV isolate used to purify CV-Ib and a purified CV-Ib sample (Fig. 6, lanes 3 and 4) were electrotransferred directly from gels containing 8 M-urea and hybridized with a randomly primed 32p-labelled CV-Ib CDNA. Fig. 6 clearly shows the high degree of sequence homology betwen CV-Ia and CV-Ib.
C V-H group
The occurrence of a viroid-like RNA-II associated with different viroid sources was reported by Duran-Vila et al. (1986) . It was detected in very low concentrations in all the sources studied as well as in symptomless, presumably healthy citrons. The analysis of citrons showing the mildest symptoms characterized by mild browning of the tip of the leaf blade only detectable in plants grown under optimal conditions of nutrition and temperature (Roistacher et al., 1977) revealed the presence of a citrus viroid (CV-IIa) (Fig. 7, lane 2) with the same electrophoretic mobility as RNA-II. Serial elution of 2 M-LiCl-soluble nucleic acids from CF-11 cellulose showed that the first CV-IIa was eluted at 25 ~ ethanol-STE. Therefore extensive washing with 30~o ethanol-STE and elution with 25~o ethanol-STE permitted the recovery of enriched preparations. Analysis of electro-eluted samples by sequential gel electrophoresis revealed the presence of characteristic circular and linear viroid forms (Fig. 7, lane 5) . When Arizona 861-S 1 citrons were inoculated with pure CV-IIa, even though the citrons were mostly symptomless, the viroid could be recovered from the inoculated plants after 3 months (Fig. 3, lane 3) . A very mild tip browning could be observed when plants were incubated trnder optimum conditions of temperature and daylength. This symptom was rated as the mildest form of the 'exocortis' disease reaction in citron. When inoculated into cucumber plants, however, CV-IIa induced severe stunting, leaf epinasty and rugosity, and a darker green overall colour than the uninoculated plants. The viroid could be recovered from infected cucumber plants 3 weeks after inoculation (Fig. 3, lane 8) .
In the original report (Duran-Vila et al., 1986) analysed, no viroid-like RNA bands were observed. No viroid-like RNAs were detected by PAGE analyses in preparations from different clonal propagations of Arizona 861-S1 citron. The present knowledge of the differential binding properties of viroids to cellulose (Semancik, 1986 ) and the results observed here explain the previously reported absence of RNA-II in the viroid preparations (Duran-Vila et al., 1986) since the cellulose had been extensively washed with 25 ~ ethanol-STE, thereby removing CV-IIa from the viroid preparation. Therefore, the hypothesis that RNA-II is a host component must be discarded and the nomenclature CV-IIa should be applied to the previously named RNA-II. The reanalysis of the CVaV isolate originally described by Schlemmer et al. (1985) revealed the presence of another viroid (CV-IIb) with an electrophoretic mobility very similar to, but distinct from, CV-IIa (Semancik, 1986) . Further investigations have demonstrated that CV-IIb (CCaV) is the causal agent of the citrus cachexia disease .
Citron plants inoculated with CV-IIb (CCaV) samples and incubated under a range of environmental conditions displayed no symptoms, but the viroid could always be recovered from the inoculated symptomless plants within 3 months after inoculation. The CV-IIb (CCaV) was first eluted from CF-11 cellulose at 25~o ethanol (Table 1) and induced symptoms identical to those of CV-IIa on inoculated cucumber plants ( Table 2 ). The molecular hybridization results using a cDNA probe to CV-IIb (CCaV) demonstrated that CV-IIa and CV-IIb share a high degree of sequence homology .
CV-III group
The analysis of exocortis isolates from California and Spain showed that 33 of the 37 isolates tested contained viroids with electrophoretic mobilities similar to RNA-III. Analysis of two single viroid isolates from California (E 822 and E 805), revealed that the two viroids (CV-IIIa and CV-IIIb, respectively) had apparently similar or identical sizes of about 290 nucleotides. Serial elution from CF-11 cellulose, nevertheless, demonstrated that CV-IIIa was first eluted at 25 ~ ethanol, unlike CV-IIIb at 2 0~ ethanol (Semancik, 1986) . Two other viroids (CV-IIIc and CV-IIId) were isolated and purified from complex isolates from Spain. They had faster migration rates than CV-IIIa and CV-IIIb and eluted from CF-11 cellulose with 2 0~ ethanol; a result similar to that of CV-IIIb (Table l) .
Citrons inoculated with pure samples of CV-IIIa, CV-IIIb, CV-IIIc or CV-IIId displayed mild stunting and several degrees of leaf epinasty (Fig. 4c) , midvein necrosis and petiole necrosis. Single viroids were recovered from infected citrons 3 months after inoculation (Fig. 3,  lane 4) . No host other than citrus species has been found for members of the CV-III viroid group (Table 2) .
CV-IV group
A single mild to moderate source (E 804) from California contained a viroid RNA (CV-IV) with the most rapid electrophoretic mobility of any citrus source observed to date. Coelectrophoresis of this isolate with samples from CV-III-containing isolates demonstrated that CV-IV had a higher migration rate than the CV-III group (Fig. 2, lanes 6 and 7) . The molecular size was estimated to be about 275 nucleotides. CV-IV displayed no homology to group CV-I, II and III probes and a weak homology to CEV cDNA (Table 1) .
Citrons inoculated with pure preparations of CV-IV displayed mild stunting, midvein necrosis and leaf epinasty. Inoculated cucumber plants were symptomless but the viroid could be recovered 3 weeks after inoculation (Fig. 3, Table 2 ). CV-IV can be classified with those viroids eluted from cellulose in 25~ ethanol-STE.
Relationship among citrus viroids
When citrons were inoculated with pure viroid cultures or artificial viroid mixtures, all viroids replicated independently as confirmed by PAGE analysis of inoculated plants.
The study of symptoms induced by mixed infections compared with the symptoms induced by individual viroids suggests the occurrence of biological interactions or synergism. Citrons infected with CV-Ia, CV-IIa and CV-IIId showed mild to moderate stunting and pronounced leaf curling usually associated with CEV infection (Fig. 4 ) in addition to leaf epinasty and petiole wrinkle and necrosis characteristic of CV-I and CV-III. As in the case of CEV infection, leaf size was reduced, whereas leaf blades of plants infected separately with CV-I, CV-II and CV-III were similar to the uninoculated controls.
The source E 821, which contained CV-Ib, CV-IIa, CV-IIb and CV-IIIb, induced moderately severe symptoms similar to those induced by severe strains containing CEV. These symptoms were also more severe than would be expected from a combination of the symptoms induced by each one of the component viroids. Furthermore, even under glasshouse conditions, the symptoms markedly increased in severity during 'summer conditions' of higher temperatures and long daylength, whereas new growth under 'winter conditions' of cooler temperatures and short daylengths could be essentially symptomless. Similarly, the symptoms associated with CVIlia and CV-IV when infecting citron independently result in a mild reaction quite unlike the moderate symptoms induced by the source isolate E 804 which contains both viroids.
DISCUSSION
Previous comparative analysis of nucleic acid samples from citrons inoculated with several field sources have revealed the widespread occurrence of several distinct citrus viroids (Schlemmer et al., 1985; Duran-Vila et al., 1986) . CEV has been well characterized; it has a nucleotide sequence of 371 bases (Gross et al., 1982; Visvader et al., 1982) , and was originally derived from citrus displaying severe symptoms of dwarfing and bark shelling. The causal agents of moderate and mild symptoms on citron were, however, only recently detected (Schlemmer et al., 1985; Duran-Vila et al., 1986) .
Mild and moderate symptoms on inoculated citron plants have been shown to be associated with one or more viroids smaller than CEV. The results of PAGE analysis, affinity on CF-11 cellulose chromatography, host range and molecular hybridization presented above support the organization of the citrus viroids into five groups. The symptoms induced by single viroids on inoculated citron plants also support the proposed scheme.
The general term citrus viroid (CV), accompanied by the group (I to IV) and relative size (a to d) designations have been applied to this organization. Only in the case where a specific viroid has been demonstrated to be the causal agent of a distinct disease has a more descriptive term been applied. Thus far, only CEV and CCaV can be singled out in this manner.
The CEV and the closely related variants of 371 to 375 nucleotides, described by Visvader & Symons (1983 , comprise a single group. This CEV group includes the causal agents of the exocortis disease which display the common properties of a similar molecular size and host range (Weathers et al., 1967) , and close sequence homology.
The CV-I group consists of two citrus viroids smaller than CEV by 30 to 40 nucleotides (CV-Ia and CV-Ib). These have a molecular size of about 330 to 340 nucleotides, a high degree of sequence homology, and induce a very mild midvein necrosis on inoculated citrons. It is likely that the smaller, CV-Ib, which has thus far been found only in the CVaV isolate in California, could represent a deletion variant of CV-Ia.
The initial report of CVaV (Schlemmer et al., 1985) as a distinct viroid associated with a moderate exocortis-like reaction on citron was based on the detection of a new viroid of about 330 nucleotides by ethidium bromide staining. The name 'citron variable viroid' was coined to describe the variable nature of the symptom expression that resulted under different environmental conditions. In subsequent reanalysis of the CVaV isolate by Duran-Vila et al. (1986) and Semancik (1986) , it was demonstrated that, in addition to the most prominent 330 nucleotide viroid, three other viroids could also be detected in the CVaV isolate. Since the name given, citron variable viroid, was based on the biological expression of the isolate which contained a composite of four distinct viroids, it now seems inappropriate to single out any one of the four viroids as the causal agent of the symptom expression without testing all possible combinations of the components of CVaV. Furthermore, inoculations with pure preparations of the 330 nucleotide viroid induced the leaf bending reaction characteristic of the CV-Ia infection rather than the more severe but variable exocortis-like syndrome described as characteristic of the CVaV isolate. With this new information, we suggest that the specific term CVaV be abandoned, and that the 330 nucleotide viroid component of the CVaV isolate be identified simply as CV-Ib.
The smaller viroids that migrate more rapidly than the CV-I group present what appears as almost a continuum of naturally occurring viroids. These very close electrophoretic mobilities make the distinction of the CV-II, CV-III, and CV-IV groups difficult. Nevertheless, the CV-II group can be distinguished by properties such as characteristic affinity for CF-11 cellulose, well defined symptoms on cucumber and a high degree of nucleotide sequence homology. The relationship between the components of this group and the exocortis and cachexia diseases of citrus have been discussed by Semancik et al. (1988) . Furthermore, a close relationship with the hop stunt viroid (HSV), the cucumber pale fruit and the HSV-related viroid recently isolated from citron (Sano et al., 1986 (Sano et al., , 1988 can also be suggested.
Several viroids migrate in dPAGE in the narrow zone defined by CV-II (approximately 290 to 300 nucleotides) and CV-IV (approximately 275 nucleotides). The distinct symptoms of petiole wrinkle followed by necrosis induced on inoculated citrons may be used for a preliminary characterization of the CV-III group. All members induce different degrees of petiole wrinkle and necrosis followed by a more or less pronounced midvein necrosis which sometimes also affects secondary veins. Leaf epinasty and a general 'droopy' appearance of citrons as a result of petiole bending has also been observed. The host range of these viroids is presently restricted to citrus and they display no sequence homology to the CEV, CV-I or CV-II groups. Preliminary results of sequence homology tests of the CV-III group indicates a similar group specificity. Further characterization of this group must await additional hybridization tests. However, since these viroids are contained in low titres on infected citrons, homology tests cannot be performed until sufficient amounts of purified viroids are available.
CV-IV, the viroid with the fastest electrophoretic mobility and therefore the smallest of the citrus viroids is the single member representing the CV-IV group. It shares some properties with CEV, the largest of the citrus viroids. Cucumber is a common symptomless host for both CEV and CV-IV, while hybridization data also indicate some minor sequence homology. However, citrons inoculated with pure CV-IV preparations display random leaf epinasty, and midvein necrosis but not the severe stunting and leaf curling characteristic of CEV infection.
It has been established that the members of the CEV group are associated with the exocortis disease as originally described by Fawcett & Klotz (1948) . The well characterized 371 to 375 nucleotide viroid can be isolated from field trees showing characteristic exocortis symptoms. However, since most field sources contain one or more viroids in addition to CEV, the question of whether CEV by itself is responsible for the overall disease syndrome in the field cannot be fully evaluated.
Mild forms of the disease characterized by bark shelling without dwarfing or dwarfing without shelling have also been reported (Fraser & Levitt, 1959; Broadbent et al., 1971) . Whether the CEV viroids are the sole agents responsible for these symptoms in the field, or whether other citrus viroids also play a role, must await further field testing. However, the results available on the characterization of graft-transmissible dwarfing agents (Schwinghamer & Broadbent, 1987 a, 1987 show that non-scaling isolates causing mild and moderate dwarfing either contained CEV or presumably another viroid that could be transmitted to chrysanthemum and was therefore probably related to the CV-II group. However, the existence of complex interactions among different citrus viroids does not permit, unless viroid content is determined, conclusions based on partial characterization of field isolates. Therefore, only the performance of trees inoculated with single viroids and viroid combinations will identify the cause-effect relationship between the different citrus viroids and field symptoms.
In summary, the information presented here provides the basis for a new understanding and definition of the exocortis disease. Mild symptoms on citron cannot be considered as diagnostic proof of the exocortis disease. Although the citron bioassay can no longer be employed to find specific positive evidence for the presence of the citrus exocortis viroid, it remains a most valuable indexing host for citrus viroids. The relationship between these citrus viroids and the classical expression of the exocortis disease with the bark shelling reaction on sensitive rootstocks must await field testing of the various viroids as pure cultures as well as in mixed infections.
